Aims-To identify distinct temporal likelihoods of age-related comorbidity (ARC) diagnoses: cardiovascular diseases (CVD), cancer, depression, dementia, and frailty-related diseases (FRD) in older men with type 2 diabetes (T2D) but ARC naïve initially, and assess the heterogeneous effects of metformin on ARCs and mortality.
Introduction
Currently, one in nine U.S. adults has type 2 diabetes (T2D); and, one in three is projected to have the disease by 2050 (National Center for Health Statistics). Among individuals with T2D, nearly 50% are over the age of 65 years, and these older adults are intrinsically vulnerable for age-related comorbidities such as cardiovascular diseases (CVD) (Bonora et al., 2007; Hanley, Williams, Stern, & Haffner, 2002; Isomaa et al., 2001) , cancer (Djiogue et al., 2013; Novosyadlyy & LeRoith, 2010) , depression (Haroon, Raison, & Miller, 2012; Stuart & Baune, 2012) , dementia (De Felice & Ferreira, 2014) , and frailty (Espinoza, Jung, & Hazuda, 2012; Wilson et al., 1998) . These five age related comorbidities (ARCs) are also significant contributors to poor quality of life, psychological distress, disability, longer hospital stays, and mortality (Fortin et al., 2006; Gijsen et al., 2001; Wolff, Starfield, & Anderson, 2002) . While no data are yet available in the literature, understanding the codevelopment of ARCs among older adults with T2D could enhance the identification of patients at higher risk for these conditions to permit early intervention.
Metformin is the most recommended first-line glucose-lowering medication (GLM) for treating T2D. Investigations of the pleiotropic effects of metformin have independently suggested its potential usefulness to prevent the development of ARC (Wnsperger, 2000) . Based on previous studies (Barzilay et al., 2007; Currie, Poole, & Gale, 2009; Gupta, Bisht, & Dey, 2011; Holden, Jenkins-Jones, & Currie, 2016; Hsu, Wahlqvist, Lee, & Tsai, 2011; Imfeld, Bodmer, Jick, & Meier, 2012; Jacob, Kostev, Rathmann, & Kalder, 2016; Kickstein et al., 2010; Kowall, Rathmann, & Kostev, 2015; Lamanna, Monami, Marchionni, & Mannucci, 2011; Lehman, Lorenzo, Hernandez, & Wang, 2012; Liccini, Malmstrom, & Morley, 2016; Moore et al., 2013; Rao, Kuhadiya, Reynolds, & Fonseca, 2008; Sahra et al., 2010; Thakkar, Aronis, Vamvini, Shields, & Mantzoros, 2013 ; UK Prospective Diabetes Study (UKPDS) Group, 1998; Wang, Lorenzo, & Espinoza, 2014; Wang et al., 2012; Wright & Stanford, 2009; Zakikhani, Dowling, Fantus, Sonenberg, & Pollak, 2006) as we summarized below, these beneficial effects however are quite variable. It is not clear which target population is most likely to benefit from metformin's ARC prevention effects. Further, whether metformin might be used as primary prevention for ARCs, which would subsequently lead to a life-extension benefit, remains to be seen.
The United Kingdom Prospective Diabetes Study (UKPDS) showed that long-term treatment with metformin substantially reduced cardiovascular morbidity and mortality compared to other glucose-lowering medications (GLMs) with similar glucose-lowering effect (UK Prospective Diabetes Study (UKPDS) Group, 1998) . In a recent meta-analysis of clinical trials among individuals with T2D, Lamanna et al. (2011) observed that metformin significantly reduced CVD risk by 21% when compared to placebo, but not when compared to non-metformin GLMs. Lamanna et al. also indicated that the CVD prevention effect of metformin was more likely to be observed in longer trials (5% reduction per year longer of follow-up) with younger patients (2% reduction per year younger in age). However, the observational studies from the meta-analysis by Rao et al. (2008) suggested that metformin in combination with sulfonylureas (compared to no metformin use) could be associated with increased risk of CVD. Also, it is not clear about the conflicting findings seen in a large retrospective cohort study from the UK Clinical Practice Research Datalink, where metformin added to insulin was associated with 38% reduction in all-cause mortality, but 87% increase in major adverse cardiac events after 3.5 years of follow-up (Holden et al., 2016) .
Cumulative evidence from clinical and preclinical studies has demonstrated metformin's anti-cancer effects (Currie et al., 2009; Jacob et al., 2016; Kowall et al., 2015; Lehman et al., 2012; Sahra et al., 2010; Thakkar et al., 2013; Wright & Stanford, 2009; Zakikhani et al., 2006) . A meta-analysis by Thakkar et al. (2013) showed that metformin use was associated with 30% reduced cancer risk in cohort studies and 10% reduced risk in case-control studies. However, this anti-cancer effect does not appear to be supported by randomized control trials (RCTs) that were not originally designed to examine cancer outcomes among more selected patient populations (Thakkar et al., 2013) .
So far, whether metformin has an impact on the development of dementia is not clear. In vitro or animal studies have shown that metformin reduced phosphorylation of tau protein in cortical neurons of mice (Kickstein et al., 2010) , and improved impaired neuronal insulin signaling and Alzheimer's disease related neuropathological changes (Gupta et al., 2011) . In clinical studies, however, the effect of metformin on cognitive impairment could vary by race/ethnicity or geographic origin. For example, the large cohort study from the Taiwan National Health Insurance Database showed that, compared with no medication, metformin use alone was associated with 24% reduction in dementia incidence, while the risk reduction was 35% when metformin was used in combination with other GLMs (Hsu et al., 2011) . A small clinical study among patients with diabetes but without cognitive dysfunction initially also found that metformin use was marginally associated with 48% reduction in cognitive dysfunction (p = 0.05) (Liccini et al., 2016) . In contrast, a case-control study derived from the United Kingdom General Practice Research Database among older adults showed that long-term use of metformin (compared with no use) was associated with 71% increased risk of developing Alzheimer's disease (Imfeld et al., 2012) . Similarly, in the Australia Primary Research in Memory study (~50% being cognitively impaired), patients with diabetes who were metformin users had 2.23 times worse cognitive performance compared to non-users (Moore et al., 2013 ).
Metformin's anti-depression and anti-frailty effects are encouraging. However, the data are rather limited. With regard to depression, data suggest that metformin facilitates adult (hippocampal dentate gyrus) neurogenesis and enhanced spatial learning in mice . Regarding frailty, metformin's insulin-sensitizing and anti-inflammation properties could in principle delay the onset of frailty (Barzilay et al., 2007) . So far, only one existing clinical study has demonstrated that metformin use alone (compared to sulfonylureas alone) was associated with reduced likelihood of frailty-related diseases (FRD) in older adults with T2D (Wang, Lorenzo, et al., 2014) .
The goal of the current study is to assess the heterogeneity of metformin's effect on the codevelopment ARCs among healthy older adults with T2D by (i) identifying distinct strata of longitudinal (co)development of ARCs (including CVD, cancer, depression, dementia, and FRD) in older men with T2D; and (ii) estimating the differential effects of metformin on the developmental trajectory of each ARC and 9-year mortality rate by ARC class.
Subjects, material and methods

Study cohorts
The study cohort was derived from the Veterans Administration (VA) Electronic Medical Records (EMR) during (Reiber & Boyko, 2004 . The following inclusion and exclusion criteria were used to identify the study cohort: men who were ≥65 years old , patients were GLM naïve prior to 2003 to be sure of GLM initiation dates), and (iv) any prescription of thiazolidinedione or insulin during the study period (GLM classes used in the cohort included sulfonylureas, biguanides, meglitinides, and alpha-glucosidase inhibitors). That is, patients in this study were GLM naïve prior to 2003 and GLM classes used in the cohort included sulfonylureas, biguanides (metformin), meglitinides, and alpha-glucosidase inhibitors. This study was approved by the Institutional Review Board at the University of Texas Health Science Center at San Antonio and South Texas Veterans Health Care System.
Measurements and variables
Dependent variables are indicators of ARC diagnoses each year during 2004-2012:
1.
Cancer: any diagnosis for ICD9:140-208 except for 173.
2.
Dementia: any diagnosis for ICD9: 290.xx.
3.
CVD: any diagnosis for ICD9: 414.x, 410, 436, .
4.
Depression: any diagnosis for ICD9 296.2, 296.3, 296.82, 298.0, 300.4, 301.12, 307.44, 309.0, 309.1, 309 .28, 311.
5.
FRD include: anemia (ICD9: 280.0, 280.8-280.9, 281, 285.9), fall (ICD9: E800-E804, E850-E854), head injury (ICD9: 800-804, 850-854), other injury (ICD9: 805.6, 805.7, 806.6, 806.7, 807.0, 807.1, 808, 810, [811] [812] [813] [814] [818] [819] [821] [822] [823] [824] [825] [827] [828] [829] coagulopathy (ICD9: 286, 287.1, 287.3, 287.4, 287.5) , weight loss (ICD9: 260-263), gait disorder (ICD9: 781.3, 781.2, 719.7). These diagnoses are either primary frailty characteristics, or have demonstrated association with the frailty phenotype (Barzilay et al., 2007; Gremese & Ferraccioli, 2011) , mortality (Wang, Lorenzo, et al., 2014) and healthcare utilization (Pugh et al., 2014) .
Metformin exposure was a dichotomized variable indicating ≥180 days of prescription for metformin versus no prescription, where the metformin exposure cutpoint was determined based on prior studies (Currie et al., 2009; Lehman et al., 2012) . Thus in this study cohort, the metformin users were those who had ≥180 days of prescriptions for metformin, and the non-metformin users were those who had no prescription for metformin during the study period, where each group could be exposed to any other GLMs besides thiazolidinedione or insulin. Covariates adjusted for in the analyses included age, race/ethnicity, Charlson comorbidity score (a validated scale for quantifying comorbidity) (Charlson, Pompei, Ales, & MacKenzie, 1987) , means of body mass index (BMI), hemoglobin A1c (HbA1c), and low-density lipoprotein (LDL) during the follow-up period, and statin use.
Analysis
Following a two-step causal modeling technique (Wang, Jo, & Brown, 2014) , we first identified distinct ARC trajectory strata using latent class analysis (LCA), and then assessed the effects of metformin within each ARC trajectory class. LCA is a statistical clustering technique to identify distinct unobserved subgroups within a population based on multivariate binary outcomes (such as multiple repeated measures of binary outcomes) such that individuals within each subgroup (or so called latent class) have similar probabilities of attaining the same value of those binary outcomes. In
Step 1, we conducted initial LCA of repeated measures of yearly ARC diagnoses (binary outcomes) separately for metformin users and non-users, where each class was characterized by a distinct pattern of ARC diagnosis probabilities during 2004-2012. The LCA consisted of (i) pre-specifying the number of ARC trajectory classes; (ii) conditioned on each ARC class, modeling the logodds of each ARC diagnosis as a linear function of a suitable time scale with trajectory parameters (such as intercept and slope) varying between classes and random effects associated with trajectory parameters to account for within class correlations; and (iii) multinomial logistic regression modeling of ARC class membership to identify predictors associated with the ARC classes. More specifically, in our LCA, conditioned on the ARC class membership, the log-odds of an ARC diagnosis each year during 2004-2012 was modeled as a linear function of logarithm of time (due to curvilinearity trend of the ARC trajectories), and predictors of ARC trajectory class membership included age, race/ ethnicity, Charlson comorbidity score, statin use, and change in HbA1c, LDL, and BMI. Each ARC trajectory class identified by LCA represents a subgroup who shared similar probabilities of developing ARCs over time and similar correlations among ARCs conditioned on metformin use and covariates. Each LCA was run using Mplus 6.11 allowing 20 different start values to ensure global maximization of the model estimates. The best fitting LCA model was sought using Bayesian information criterion (BIC): models with smaller BIC values indicating better fit. We conducted LCA of ARCs assuming 2-5 classes since the model fit did not improve when assuming 5 or more classes.
Once the best-fit LCA models were obtained under metformin use and no use, we conducted subsequent LCA to estimate ARC classes under both metformin use and no use jointly using data from the entire cohort. To ensure unique solution of model estimates and comparable baseline ARC risk between metformin users and non-users within each ARC class, we constrained the model such that the intercept of each ARC trajectory (or the baseline prevalence of the ARC) for metformin users was similar to that of the non-users.
In
Step 2 analysis, we first applied the pseudoclass technique to estimate each individual's ARC class membership by drawing a random sample from the multinomial distribution based on posterior probabilities of ARC class membership conditioned on patients' ARC diagnoses, metformin use, and covariates observed. To enhance the causal interpretation of the effects associated with metformin use in each ARC trajectory, we incorporated the inverse propensity score weighting technique to balance baseline covariates (including age, race/ethnicity, HbA1c, LDL, BMI, and Charlson comorbidity score at baseline) between metformin users and non-users within each ARC class. More specifically, in
Step 2 analysis, conditioned on each ARC class (estimated from the pseudoclass technique) for both metformin users and non-users, we modeled the log-odds of each ARC as a linear function of log(time) and the interaction between metformin use and log(time) with the inverse propensity scores of metformin use being incorporated as weights to balance baseline covariates between metformin users and non-users and random effects to account for within class correlation.
Furthermore, we assessed the effect of metformin on mortality by ARC class using logistic regression analyses to compute the log-odds of mortality associated with metformin use adjusting for covariates (age, race/ethnicity, Charlson comorbidity score, BMI, HbA1c, statin use) and propensity scores of metformin use.
Results
Our analyses identified four distinct ARC trajectory classes over a 9-year period for both metformin users and non-users. Each ARC class was labeled to capitalize the most prevalent ARC diagnosis observed in that class. Table 1 contrasts the demographic and baseline clinical characteristics between metformin users and non-users. Fig. 1 shows the mean ARC trajectories (probabilities of ARC diagnoses over time) under metformin use versus no use for each ARC class. Table 2 summarizes the demographic and baseline and clinical characteristics of each ARC trajectory class. The log-odds of ARCs over time for each trajectory class and the associated metformin effects are shown in Table 3 . Detailed results are described below.
Age-related comorbidity trajectory classes and effects of metformin
The Healthy Class consisted of 53.6% of the cohort who had relatively lower likelihood of all ARCs (see column 1 of Fig. 1 ). The log-odds of cancer, CVD, depression, and FRD diagnoses increased significantly over time, while the odds of dementia stayed stable over time. Among non-users of metformin, the likelihoods for a cancer diagnosis increased from 1.3% in year 1 to 2.8% in year 9, from 3.6% to 6.7% for CVD, from 3.6% to 6.2% for FRD, and from 0.5% to 1.0% for depression. Metformin use was associated with a significant reduction in the temporal increase of each ARC (on the log-odds scale, p ≤ 0.01). By year 9, metformin was associated with an absolute reduction of 2.77% in the diagnosis of cancer, 6.1% reduction in CVD, 5.0% reduction in FRD, 0.9% reduction in depression, and 0.14% reduction in dementia.
The High Cancer Risk Class consisted of 11.6% of the cohort who had a relatively higher likelihood of having been given a cancer diagnosis over time (see column 2 of Fig. 1 ). There was a significant temporal increase in each ARC diagnosis, and the magnitude of the increase was the greatest in cancer. Among non-users of metformin, the likelihood of a cancer diagnosis increased from 40.1% in year 1 to 64.7% in year 9, from 12.2% in year 1 to 21.0% in year 9 for CVD, from 21.7% to 28.9% for FRD, from 4.0% to 7.4% for depression, and from 0.4% to 1.1% for dementia. Metformin was associated with a significant reduction in the temporal increase in all ARCs except for dementia, and the magnitude of the metformin impact was greatest in cancer. By year 9, metformin was associated with a 45.5% reduction in cancer, 13.3% reduction in CVD, 13.7% reduction in FRD, and 5.0% reduction in depression diagnoses.
The High CVD Risk Class consisted of 17.6% of the cohort who had the highest likelihood of CVD diagnosis over time (see column 3 of Fig. 1 ). The likelihood of a diagnosis for FRD, depression, or dementia over time in this class was similar to that in the High Cancer Risk class. The temporal increase associated with ARC diagnoses in this class was the greatest for CVD. Among non-users of metformin, the proportion of cancer diagnosis increased from 2.9% in year 1 to 5.5% in year 9, CVD diagnosis increased from 47.1% in year 1 to 74.5% in year 9, 18.9% to 24.2% in FRD, 3.6% to 5.6% in depression, and 0.9% to 1.5% in dementia. Metformin was associated with a significant reduction in the rate of change in the diagnosis of all ARC (p < 0.01) except for dementia. By year 9, metformin was associated with 3.2% decrease in the cancer diagnosis, 48.6% decrease in CVD, 6.3% decrease in FRD, and 2.8% decrease in depression.
The High Frailty Risk Class consisted of 17.2% of the cohort who had the highest likelihood of FRD diagnoses over time, and a modest likelihood of CVD or cancer diagnosis (see column 4 of Fig. 1 ). There was a significant increase in the occurrence of all ARCs. Among non-users of metformin, the likelihood of acancer diagnosis increased from 1.6% in year 1 to 4.1% in year 9, 8.1% to 20.0 in CVD, 44.4% to 48.2% in FRD, 9.0% to 18.1% in depression, and 2.7% to 4.9% in dementia. Metformin was associated with a significant reduction in the diagnosis of all ARCs over time, and the magnitude of this impact was the greatest on FRD. By year 9, metformin was associated with a 3.9% decrease in cancer, 18.8% decrease in CVD, 23.8% decrease in FRD, 15.6% decrease in depression, and 3.8% decrease in dementia diagnoses. Table 2 )
Patient characteristics of ARC classes (see
As shown in Table 2 , compared to non-Hispanic white (NHW), both Hispanics and African Americans (AA) were more likely to be in the High Frailty Risk class but less likely to be in the High CVD Risk class. AA had a greater likelihood of being in the High Cancer Risk class compared to NHW or Hispanics. The derivation for the posterior probability of belonging to an ARC class conditioned on covariates is shown in the footnote of Table 2 . The Charlson comorbidity score was significantly higher in both High Cancer Risk class and High CVD Risk class compared to the other ARC classes.
The mean HbA1c for the Healthy class was maintained at 6.6% throughout the study period. Similar HbA1c levels were observed in other ARC classes.
The baseline LDL was also similar across ARC classes: the mean LDL ranged between 106.7 mg/dL and 108.9 mg/dL (see Supplement Table 1 ). All classes had a significant LDL decline during the study period. The amount of decline in LDL over time was consistent with the between-class difference in statin use: the proportion of statin use was 53.4%, 52.3%, 60.2% and 73.6% for the Healthy, High Cancer Risk, High Frailty Risk, and High CVD Risk classes, respectively.
Mean BMI during the study period in the High Frailty Risk class was 2.2-2.6 kg/m 2 (7%) lower compared to the mean BMI in the other ARC classes (with mean BMI falling between 28.0-29.9 kg/m 2 ).
Although the differences in blood pressures between ARC classes were statistically significant, these differences were not clinically significant.
Effect of metformin on mortality by ARC class
As shown in Table 4 ).
Discussion
This study identified four distinct ARC trajectory phenotypes in healthy older male veterans with T2D over a 9-year period: the Healthy class (53.6%), the High Cancer Risk class (11.6%), the High CVD Risk class (17.6%), and the High Frailty Risk class (17.2%). We showed that metformin had differential effects on ARCs across ARC classes. In particular, the effect of metformin on reducing a specific ARC occurrence was the greatest in the class with the highest risk for that condition (e.g., the greatest reduction in CVD was found in the High CVD Risk class), and these benefits appeared to further reduce mortality (reduction in mortality ranged 28%-61% across ARC classes). Thus, these results suggest that metformin could be promising for ARC prevention and life extension in older adults with T2D. However, the timing of ARC intervention seems critical in these older patients among whom 47% become high risk for ARC (i.e., 47% were in the non Healthy classes) within a oneyear period after two years of being free from any ARC diagnoses. The moderate to large effects associated with metformin use on ARCs observed in this study appear to be comparable with some existing studies (which did not require patients to be ARC free at baseline). For example, the meta-analysis by Gandini, Puntoni, Heckman-Stoddard, et al. (2014) found that metformin use was associated with 31% reduction cancer (RR = 0.69, 95% CI: 0.52-0.90), and 34% reduction in cancer mortality (RR = 0.66, 95% CI: 0.54-0.81; I2 = 21%); and the Diabetes Mellitus Insulin-Glucose Infusion in Acute Myocardial Infarction 2 Study (Mellbin, Malmberg, Norhammar, Wedel, & Ryden, 2011) showed that in patients with T2D and suspected acute myocardial infarction, metformin was associated with a 35% decrease in mortality rate (HR = 0.65, 95% CI 0.47-0.90; p = 0.01) and 75% reduction in death from malignancies (HR = 0.25, 95% CI 0.08-0.83; p = 0.02). Since statin use (50%-73%) was common in this cohort, it is likely that the relatively large metformin effect was partly due to the synergistic effect between metformin and statins (Lehman et al., 2012) .
The variation of the effect of metformin on CVD between ARC classes observed in this study added further insight to the observation of Lamanna et al. regarding the heterogeneity of metformin's CVD prevention effect. The meta-analysis by Lamanna et al. (2011) suggested that metformin may be more effective in studies with a longer follow-up period.
Note that in the analysis by Lamanna et al., the UKPDS was the only long-term study that had a comparable follow-up period and comparison group to our study group. However, the UKPDS cohort was much younger than our study cohort (mean age of 58 vs. 74 years). Lamanna et al. (2011) also noticed that metformin was more effective for CVD outcomes in studies with participants of age ≤ 30 years ( Fig. 4 in Smith et al.) . However, these data were from studies of women with polycystic ovary syndrome as opposed to our cohort of older male veterans with T2D. Furthermore, in the analysis by Lamanna et al., only two studies had similar glycemic control as ours (mean HbA1c below 6.6%). However, these studies involved patients with impaired glucose tolerance and mean age of 45-50 years versus ours involving patients with T2D and mean age of 74-75 years old. These data collectively suggest that the heterogeneous effect of metformin on CVD could involve a more complex combination effect associated with age, age-related diseases, or other medication use.
Our study found the anti-cancer impact of metformin to be the greatest in the High Cancer Risk class (18% reduction over a 9-year period), fairly limited reduction (1.2%-1.8%) in the High Frailty Risk class and Healthy class, and non-significant reduction in the High CVD Risk class. The variation of the metformin's anti-cancer effect between ARC classes shed new light on those previously reported in the literature which suggested that metformin's anti-cancer effect could vary by (i) the concomitant medication use (attenuation by use of sulfonylureas (Thakkar et al., 2013) and enhancement by statins use (Lehman et al., 2012) ), (ii) the comparison group (Thakkar et al., 2013) , or (iii) the race/ethnicity composition of the study population (Chen et al., 2009; Jablonski, McAteer, de Bakker, et al., 2010) . Note that in Table 2 , statin use was less common in the High Cancer Risk class compared to other ARC classes. Thus the superior anti-cancer effect of metformin seen in the High Cancer Risk class compared to other ARC classes was likely due to other factors (e.g., clinical) beyond the enhancement of the statin's anti-cancer effect that was reported previously (Lehman et al., 2012) . Also, although both the High Cancer Risk class and the High Frailty Risk class had a higher proportion of race/ethnic groups (Hispanics and AA) who tended to respond better to metformin (Chen et al., 2009; Jablonski et al., 2010) , the superior anticancer effect of metformin was observed only in the High Cancer Risk class but not the High Frailty Risk class. These data suggest that the cancer prevention effect of metformin could be modulated by biological and clinical (e.g., ARC phenotype) factors jointly.
The effect of metformin on reducing FRD was found to be the greatest in the High Frailty Risk class (20.1% reduction over a 9-year period). This finding was consistent with our previous study of veterans (97% men) with T2D who were not completely free from ARCs at baseline (Wang, Lorenzo, et al., 2014) . The discrepancy of the metformin effect (magnitude-wise) between our previous study (Wang, Lorenzo, et al., 2014 ) and the present study could be due to their differences in the baseline characteristics and/or the composition of the metformin and non-metformin groups. In the previous study, metformin use alone was compared to sulfonylurea use alone (Wang, Lorenzo, et al., 2014) . In the present study, the metformin group consisted of those who used metformin as the sole GLM (28.2%), those who used both metformin and sulfonylurea (71.5%), and those who used metformin and other non-sulfonylurea GLM (0.3%); while in the non-metformin group, 51.6% used sulfonylurea as the sole GLM, 48.1% did not use any oral GLM, and 0.3% used nonsulfonylurea GLM with or without sulfonylurea. In this High Frailty Risk class, metformin was also associated with a significant reduction in dementia and depression diagnoses. This result appeared to support the hypothesis of Guo et al. based on an analysis of a mid-life cohort with T2D (Guo et al., 2014) -the amelioration of depression by metformin treatment could be attributable to enhanced cognitive function.
It is worth noting the difference in mortality rates across ARC classes. Both the High CVD Risk and the High Frailty Risk classes had the highest mortality rates compared to the Healthy class and the High Cancer Risk class. On the other hand, the Charlson comorbidity score, a commonly used index for predicting mortality rate, was found to be higher in the High Cancer Risk and the High CVD Risk classes, but lower in the High Frailty Risk class. These data suggest that the combination use of the Charlson score with ARC phenotype could enhance the prediction of mortality rate in older men with T2D.
Regarding metformin's life-extension effect, our previous study suggested that the reduced all-cause mortality by metformin use in men with T2D might be mediated by its frailty prevention effect (Wang, Lorenzo, et al., 2014) . Our current data further suggested that metformin's ARC prevention effect might be extended to increase lifespan: the lifeextension impact of metformin was the greatest in the High Frailty Risk stratum ( This study has limitations. First, recognizing the non-experimental nature of the study design, we have conducted state-of-art causal modeling to overcome the shortfall. This method, like any causal modeling, relies on the assumption of no unmeasured confounding (Wang, Jo, et al., 2014) . Thus the validity of our results could depend on whether any unobserved predictors associated with ARCs or mortality (such as blood pressure lowering medication that was not available in our dataset) were balanced between metformin users and non-users. Second, the study cohort is exclusively men. Based on the data from the Diabetes Prevention Program (West, Elaine Prewitt, Bursac, & Felix, 2008) , we expected that the beneficial effects of metformin on ARCs in this male cohort could be non-inferior to those in the female counterpart. Nevertheless, our results require verification by randomized trials with both men and women. Third, while it would be useful to assess the dose-response effects of metformin on ARCs, these data however were not available in this study.
In conclusion, this study identified distinct developmental trajectories of ARCs in older men with T2D who maintained good glycemic control over a 9-year period. We also found differential impacts of metformin on ARC prevention and life extension across these ARC classes. While the positioning of metformin among other GLMs in terms of comorbidities and mortality prevention requires further investigation (for example, empagliflozin has shown potential CVD prevention benefit in adults with T2D (Zinman et al., 2015) ), this study provides important data for designing prospective studies aimed at examining the pleiotropic effects of metformin against other GLMs on ARCs.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Effects of metformin on age-related comorbidity trajectory classes. Table 3 Trend of log-odds of age-related comorbidity (ARC) and metformin effect by ARC class. The likelihood of an ARC diagnosis in year t of the study for non-users of metformin was estimated by: exp (intercept + slope*log(t))/{1+ exp (intercept + slope*log(t))}. b
The likelihood of an ARC diagnosis in year t of the study for metformin users was estimated by: exp (intercept + [slope + Metformin effect]*log(t))/{1+ exp (intercept + [slope + Metformin effect]*log(t))}.
c Not statistically significantly different from 0. d
Statistical significance of the difference in the rate of change in the odds of ARC per time unit (log(year)) between metformin users and non-users.
